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Abstract 

We propose a dark matter explanation to simultaneously account for the excess of antiproton- 
to-proton and positron power spectra observed in the AMS-02 experiment while having the right 
dark matter relic abundance and satisfying the current direct search bonnds. We extend the Higgs 
triplet model with a hidden gauge symmetry of SU{2)x that is broken to Z 3 by a quadruplet scalar 
field, rendering the associated gauge bosons stable weakly-interacting massive particle dark matter 
candidates. By coupling the complex Higgs triplet and the SU{2)x quadruplet, the dark matter 
candidates can annihilate into triplet Higgs bosons each of which in turn decays into lepton or gauge 
boson final states. Such a mechanism gives rise to correct excess of positrons and antiprotons with 
an appropriate choice of the triplet vacnum expectation value. Besides, the model provides a link 
between neutrino mass and dark matter phenomenology. 


*e-mail: physchen@mail.ncku.edu.tw 
^e-mail: ctLengwei@ncu.edu.tw 
t e-mail: nomura@inail.ncku.edu.tw 


1 



I. INTRODUCTION 


After the discovery of 125-GeV Higgs boson with many properties consistent with the 
standard model (SM) expectations [l|, l2|, we are left with two pieces of empirical evidence 
that call for new physics explanations. One is the phenomenon of neutrino oscillations that 
leads to the question about how neutrino mass is generated. The other is astronomical 
observation of gravitational effects caused by dark matter (DM), whose abundance is bound 
to be about 5 times that of ordinary matter. 

In the SM, masses of quarks and massive gauge bosons are generated through Yukawa and 
gauge couplings with the condensate of the Higgs doublet held through the Brout-Englert- 
Higgs (BEH) mechanism js, 4|. One minimal extension for giving tiny mass to neutrinos is 
done by introducing a complex Hi^s triplet through the type-H seesaw mechanism, the so- 
called Higgs triplet model (HTM) |5l-ll2j . In this case, the vacuum expectation value (VEV) 
of the Higgs triplet held is induced by electroweak symmetry breaking (EWSB) and controls 
whether the charged Higgs bosons derived from the triplet held decay dominantly to leptons 
or weak gauge bosons. Direct searches of the doubly charged Higgs boson predicted in this 



nihilations and/or decays. It is well-known that the excess of both electron and position 
huxes require additional contributions to the thermally averaged DM annihilation cross sec¬ 


tion 


38 


than is required by the antiproton fraction spectrum. In this work, we propose 
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a weakly-interacting massive particle (WIMP) DM model that readily accommodates the 
two sets of data. 


In this work, we extend the HTM by having an additional hidden SU{2)x symmetry 
that is broken by a scalar quadruplet down to a residual symmetry a la Krauss-Wiiczek 


mechanism 


40 


45| . making the associated gauge bosons our DM candidates. The quadruplet 


also has interactions with both the SM doublet and the Higgs triplet and plays the role of 
mediator that connects the hidden sector and the visible sector of SM particles and exotic 
Higgs bosons. A model also invoking a scalar triplet held but using a singlet scalar as a 


cold DM candidate was proposed in Ref. 


46| . As a result, the DM can annihilate into a 


pair of exotic Higgs bosons that in turn decay into leptons or weak gauge bosons as alluded 
to before. The leptonic channel will lead to production of electrons and positrons, and the 
gauge channel to protons and antiprotons after hadronization. With an appropriate choice 
of the triplet VEV, the model can explain simultaneously the observed spectra of positron 
and antiproton huxes. It should be emphasized that the choice of SU{2)x gauge group is 
just to provide an explicit model with stable DM candidates. Other DM models from a 
hidden sector that couples mainly to the triplet Higgs helds should catch the same features 
as well. 


II. THE MODEL 

In this model, we extend the SM gauge group by an additional SU{2)x symmetry with the 
associated gauge field denoted by X^. This symmetry is broken by an SU{2)x quadruplet 
field $4 = (03/2,01/2,—0-1/2,0-3/2)'^/\/2 that does not carry SM gauge charges, where 
the subscript stands for the eigenvalue of T 3 , the third SU{2)x generator, of the held and 
(j)-i = 0*. Finally, we also introduce a complex Higgs held A that is a triplet under the 
SM SU{2)l and carries hypercharge Y = 1. Here we adopt the convention that the electric 
charge Q = T 3 -|- H. 

More explicitly, the complete Lagrangian invariant under the SU{2)x x SU{2)i x U{1)y 
gauge group is 

C =CsM + (D^A)tD'^A - [L^CyH(j 2 XPLL + h.c] 

+ (D^4>4)^ - H($, A, $ 4 ) - , (1) 
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where Csm is the Lagrangian of SM, L denotes the left-handed lepton doublet held, C is the 
charge conjugation, is the Yukawa coupling matrix, $ is a Higgs doublet, and the held 
strength tensor — gx{X^ x X^y. The most general Higgs potential 

l/($. A, $ 4 ) =/i^<h^<h + A(<hi<h)2 + mlTrX^X + XxiTrX^Xf + XxiTrX'^Xf 


A = 


( 3 ) 


-h + A$(<hJ$ 4 )^ + M h.c.) -h Ai<hi$TrAiA 

+ A 2 <h^AAi<h + A 2 <h^AiA<h + A 3 <hi<h 4 $i<h + A 4 <hi$ 4 TrAiA , ( 2 ) 

where, as in the SM, < 0 is required for the EWSB, $ = (G+, {v + (j) + zG°)/\/2)^ is the 
SM Higgs doublet held, and the scalar triplet of SU{2)l is written in an SU{2)l x SU{2)r 
covariant form as 

5^/y/2 ( 5 ++ 

(fA + 5 ° + iTf )/^/2 - 5+/\/2 
where the triplet VEV ua is induced by the doublet VEV through the /ia term and is 
constrained by the electroweak rho parameter to be less than about 1 GeV. In fact, to 
produce the right positron and antiproton spectra given by the AMS-02 experiment, ua is 
required to be 0(10-100) keV. With tua assumed to be of O(TeV), pa is also about the 
same scale as vx- 

To break the SU{2)x symmetry while preserving a discrete symmetry to stabilise DM 
candidates, we require < 0 so that the $4 held spontaneously develops a VEV in the 
Ts = ±3/2 component: 

0±3/2 = ^ (^4 ± 0r ± *0 > (4) 

where V 4 is assumed to be 0(10) TeV. As a result, the SU{2)x gauge bosons x^^ (w) ~ 
(A^ =F iA ^)/\/2 and acquire their masses, = \f^gxVi /2 and at the 

TeV scale after absorbing the (/±i /2 and ^ as their longitudinal components. Moreover, there 
is a residual Z 3 symmetry in the model, under which and carry nonzero charges and 
serve as good candidates of DM. Finally, the physical states in the hidden sector and the 
quadruplet are y^, y^, and (j)r, where (pr plays the role of messenger between the hidden 
sector and the visible sector. 

We now work out the relevant couplings for our analysis. From the kinetic term of $4 
and the breaking pattern of Eq. (0]), the gauge interaction between (pr and y^ is given by [45 1 


^xx4’r 5 


( 5 ) 
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where, as mentioned above, ~ 0(TeV). In general, the neutral components in H, A, 
and <I >4 can mix under the mass matrix 




^ A3UU4 -\/2/iAU^ 

A 3 UU 4 A4UA'y4 

y-\/2^AV X4VAV4 M\ y 


( 6 ) 


in the basis of ( 0 , <pr, 5°), where = \/^v, = \/ 2 A$U 4 , and + (Ai + A 2 + 

\ 2 )v ^/2 + A 4 UI/ 2 . As mentioned above, /ta and ua are much smaller than the other mass 
parameters in Eq. (E]). Therefore, only 0 and (pr niix to render the mass eigenstates 



( cos 9 sin 9 
— sin 9 cos 9 



( 7 ) 


where h denotes the SM-like Higgs boson of mass 125 GeV, H is the other physical Higgs 
boson with a mass at the TeV scale, and the mixing angle 9 given by tan 29 = 2 X 3 VV 4 /— 
M^) is taken to be small in view of the hierarchy between v and V 4 and by assuming small 
A 3 . In addition, we require Ai ^2 and A 2 to be sufficiently small so that the mass of 5° is 
smaller than Finally, we obtain the following approximate formulas for the masses of 
physical scalar bosons: 


ruh^ m^ = V , niH ~ = \/2^ V 4 , 

ms±± ~ ms± ~ mso = rrijjo = Ma . (8) 


In the limit of vanishing A 3 , i/ = 0^ does not couple with SM particles directly. Now the 
only important parameter that controls the phenomenology of DM interactions with the 
visible sector is A 4 . Explicitly, the A 4 interaction term gives 


^HAA — V4X4H 


S++6— +6+S- + + 1 ;°’) 


( 9 ) 


In this work, we consider the scenario where the DM particles annihilate through the 
X-X-H and H-A-A interactions given in Eqs. ([5]) and (E]), respectively, to a pair of Higgs 
triplet bosons. To facilitate this pair annihilation process, we employ the Breit-Wigner 
enhancement through the relation rriH ~ 2 m^, which affects both relic density ^ and 
positoron/antiproton fluxes j^, 49|. Subsequently, we have 5^^ and 5^ —)■ 

dominantly and some small branching fractions of 0 ( 10 “^) for <5^^ W^Z 


5 










and (5° ZZIW^W~, with details depending on the valnes of va and the Yukawa couplings 
y^. As a result, the model can have simultaneous productions of e'*' and W~^, with some of 
the latter hadronizing into antiprotons, at signihcantly different rates. 

Now the major free parameters in our analysis are gx, A 4 , m^, rriH, Ma, va, and y^. In 
the DM annihilation amplitude, the gauge coupling gx and the quadruplet VEV V 4 always 
appear in the combination of product and can be rewritten in terms of m^. For the mass of 
H, we write 


niH = 2 m^(l — e) 


( 10 ) 


and use e as one positive free parameter of (9(0.1) or smaller. A Breit-Wigner enhancement 
is then obtained in the current DM annihilation rate because in the non-relativistic limit 
the annihilation cross section is written by 

-1 


av ~ 


1927r V rn 


Xa 


2 \ 2 

V 


+ 


^ H 

4m^ 


' 1 - 


Ml 


mt 


( 11 ) 


where F// denotes the total width of H and is found to be much smaller than m^. The 
average speed of DM v in units of the speed of light is typically ~ 10“^ at the current 
Universe and ~ 0.3 at the freeze-out. Therefore, the dominant parameters in Eq. iUBi 
are A 4 , and_e. The Yukawa couplings can be hxed by htting to the neutrino mass 


measurements 
excess 


50[ | and assuming the normal hierarchy as it is preferred by the positron flux 


Moreover, we have taken the CP-violating phase, the Majorana phases, and the 


mass of the lightest neutrino to be zero. The conclusion will not change much if, for example, 
we take a tiny nonzero mass for the lightest neutrino. Both lepton flavour-conserving and 
-violating channels have been included in the decays of the triplet Higgs bosons. Our choice 
of Ma at the TeV scale exempts us from the constraint of the lower bound of about 400 
GeV on the doubly-charged Higgs boson mass through the searches of like-sign dilepton 


channels 


15 




i Il6l |. Otherwise, the results of our numerical analysis are not sensitive to Ma 
as long as it is smaller than m^. In the following analysis, we take Ma = 800 GeV as a 
reference value. In the end, we are left with four independent free parameters: A 4 , m^, e, 
and Va- 
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III. NUMERICAL ANALYSIS AND DISCUSSIONS 


We start by investigating the DM relic abundance 0.1172 < < 0.1204 given by the 

PLANCK Collaboration at 90% conhdence level (CL) In our setup, the DM annihilation 
cross section a(xx H ^ 7777) is given by Eq. flTT]) . It is noted that the 

DM can also annihilate into a pair of SM particles {W^W~, ZZ, qq, etc) through the h-H 
mixing, which is suppressed as we assume a small mixing angle 9. Our numerical analysis is 
done by utilizing the micrOMEGAs 4.1.5 package 52| implemented with the model to solve 
the Boltzmann equation for the DM relic density. 


I4 



FIG. 1: Thermally averaged dark matter annihilation cross section at the current Universe as a 
function of e in the lower horizontal axis, as required by the observed relic density. The upper 
horizontal axis gives the corresponding value of A 4 . 

Fig. [1] shows the thermally averaged cross section of DM annihilation to all triplet Higgs 
bosons, (cr7;)o, at the present time for producing the right relic density. It is shown as a 
function of e dehned in Eq. flTU]) . The corresponding values of A 4 are indicated in the upper 
horizontal axis as well. Although this curve does not have a sensitive dependence on the 
DM mass, we will £x = 2 TeV because of better hts to the energy spectra of positron 
flux and antiproton flux ratio from the cosmic rays. As seen in the plot, the cross section 
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can reach ~ 10“^^ cm^/s for e ~ 0(10“®) because of the Breit-Wigner enhancement. In 
this case, the coupling A 4 ~ 3 x 10 “®. As shown below, such a cross section is desirable for 
rendering the correct excess of the positron flux. 


Again, using the micrOMEGAs 4.1.5 package 


52l |. we compute the positron and antipro¬ 


ton fluxes resulting from the decays of the charged Higgs bosons in the DM annihilation 
hnal states. For the dark matter density prohle, we take the NFW model with a local halo 
density of 0.3 GeV/cm^, a core radius of 20 kpc, and the distance from our solar system to 
the galactic center as 8.5 kpc |53|. For charged particle propagation through the space, we 
consider the three schemes MIN, MED, and MAX dehned in Ref. 5^ to have the minimum, 
medium, and maximum charged particle flux, respectively. The background for positron flux 


is provided by a htting function given in Refs. 


55 


is estimated by combining AMS proton flux data 
Ref. [331. 


56| . The background for antiproton flux 
57| and the flux ratio $p/*hp estimated in 


CM 
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FIG. 2: Spectra of the positron flux (left) and the ratio of antiproton-to-proton fluxes (right) in 
comparison with those observed by AMS-02 from cosmic rays, drawn in thick curves. Red solid 
curves are used for MIN, dashed green curves for MED, and dash-dotted blue curves for MAX. 
Also indicated are the values of e in the left plot and va in the right plot. The background in 
the left plot is given by the purple dotted curve, and those in the right plot are given by the thin 


curves. 
























In Fig. [21 the left plot shows the positron flux as a function of the positron energy. The 
right plot shows the ratio of antiproton flux to proton flux as a function of the antiproton 
kinetic energy. In both plots, we £x = 2 TeV. Qualitatively, changing the DM mass will 
shift the peaks of signals horizontally. The magnitudes of signals are mainly controlled by e 
for the positron flux and by va for the antiproton flux. We take e = 8.8 x 10“® and va = 85 
keV, corresponding to —?■ W^W^) = 4.3%, for the MIN scheme (red solid curves); 

e = 9.5 X 10“® and va = 49 keV, corresponding to W^W^) = 0.48%, for the 

MED scheme (green dashed curves); and e = 1.0 x 10“^ and va = 38 keV, corresponding to 
Br{5'^^ —)■ W^W^) = 0.19%, for the MAX scheme (blue dash-dotted curves). 

Here we make some comments regarding the constraint on DM annihilation cross section 


from the y-ray flux provided from inclusive photon spectrum measurement 58j and y-ray 
observation of dwarf galaxies 59|] by Fermi-LAT. Although DM annihilation to four-body 


hnal states, as in our case, are generally less constrained than two-body final states, our 
analysis assuming the normal hierarchy of neutrino masses has decaying to energetic 
and at a branching fraction of around 30% for both modes. Such r leptons in the 
hnal states may produce y-rays subject to the Fermi-LAT constraint. A detailed analysis 


with this taken into account will be presented in another work 




Finally, we note in passing that the scattering cross section between the DM and the 
nucleons is small because the interactions between the DM and the SM particles is suppressed 
by the mixing angle 9. Therefore, the model can readily evade the constraints from current 
direct searches. 


IV. SUMMARY 

In the current work, we have constructed a model based on the Higgs triplet model and 
an additional SU{2)x gauge symmetry that links neutrino mass and dark matter physics. 
With an SU{2)x quadruplet that develops a vacuum expectation value in its T 3 = ±3/2 
component, the SU{2)x symmetry is broken down to a discrete Z 3 symmetry, thereby 
stabilising the T 3 = ±1 components of the gauge held as the dark matter candidates. We 
have then analyzed the dark matter phenomenology of the model particularly in view of the 
recent AMS-02 data. Through the physical scalar boson of the quadruplet as the messenger, 
the dark matter particles can annihilate primarily into a pair of triplet Higgs bosons, provided 
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that the mixing between the quadruplet scalar particle and the SM-like Higgs boson is 
sufficiently small. The correct dark matter relic abundance can be obtained when the mass 
of messenger is about twice that of the dark matter. The charged triplet Higgs bosons in 
turn decay dominantly into leptonic final states to produce an excess of positrons. However, 
there is a small branching fraction for the charged triplet Higgs bosons to decay into weak 
gauge bosons, part of which eventually hadronize into antiprotons. The decay pattern of 
the charged triplet Higgs bosons is largely fixed by assuming the normal hierarchy and mass 
measurements of neutrinos. We have studied three charged particle propagation schemes 
and found the corresponding parameters of the model that fit well with the positron flux 
and antiproton flux ratio observed by the AMS Collaboration. Finally, we remark that the 
gauged SU{2)x for stable dark matter candidates in this study is only one choice. Any DM 
model from a hidden sector that couples mainly to the triplet Higgs fields should have the 
same features as well. 
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